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Adhesion-Dependent Regulation of p190RhoGAP
in the Developing Brain
by the Abl-Related Gene Tyrosine Kinase
Immunoblotting with anti-PY antibodies revealed that a
190 kDa protein (p190) has a reduced PY signal in the
insoluble fraction from postnatal arg/ brains compared
to their wild-type counterparts (Figure 1A). The PY signal
for p190 is strongest in fractions made from wild-type
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Yale University mice at postnatal days 11 (P11) and 21 (P21) (Figure 1A),
and the PY signal for p190 in arg/ insoluble fractionsNew Haven, Connecticut 06520
3 MGH Cancer Center is decreased 3-fold and 2-fold from these time points,
respectively. The PY levels on p190 are lower in theMassachusetts General Hospital
Harvard Medical School insoluble fractions from embryonic day 16 (E16) and
eight-week-old mouse brain, and little difference in p190Charlestown, Massachusetts 02129
PY signal is observed between arg/ and wild-type frac-
tions from these time points (Figure 1A). Reduced PY
levels on p190 are also observed in total brain homoge-Summary
nate from P21 arg/ mice relative to wild-type brain
homogenate (Figure 1B).Abl family kinases, which include the mammalian Abl
p190 has a similar mobility to p190RhoGAP, a promi-and Arg (Abl-related gene) kinases, regulate neuronal
nent PY-containing protein in developing mouse brainmorphogenesis in developing metazoa (for review, see
[7]. Insoluble fractions from P21 wild-type and arg/[1]). Activation of Abl kinase activity directs changes
brain extracts were solubilized in 2.5% CHAPs (3-[(3-cho-in actin-dependent processes such as membrane ruf-
amidopropyl)dimethylammonio]-1-propanesulfonate)fling, filopodial protrusion, and cell motility [2–6]. How-
and subjected to immunoprecipitation using anti-ever, the mechanisms by which increased Abl or Arg
p190RhoGAP antibodies. The immunodepletion of p190kinase activity promote cytoskeletal rearrangements
from wild-type extract and its recovery in the p190Rho-are unclear. We provide evidence that the Rho inhibitor
GAP immunoprecipitate confirmed that p190 is p190Rho-p190RhoGAP (GTPase-activating protein) is an Arg
GAP (Figure 1C). The PY content of p190RhoGAP wassubstrate in the postnatal mouse brain. We show that
reduced approximately 3-fold in the arg/ immunopre-p190RhoGAP has reduced phosphotyrosine content
cipitate as compared to wild-type (Figure 1C, upperin postnatal arg/ mouse brain extracts relative to
panel), demonstrating that p190RhoGAP isolated fromwild-type extracts. In addition, the adhesion-depen-
the arg/ insoluble fraction has reduced PY contentdent stimulation of p190RhoGAP phosphorylation ob-
relative to wild-type.served in wild-type cells is not observed in arg/ fibro-
blasts and neurons. Arg can phosphorylate p190RhoGAP
in vitro and in vivo on tyrosine (Y) 1105. We find that Arg Phosphorylates p190RhoGAP
Arg can stimulate p190RhoGAP to inhibit Rho and that on Tyrosine 1105
Arg-mediated phosphorylation is required for this We present evidence in Supplemental Figure S1 that
stimulation. Phosphorylation by Arg also promotes Arg phosphorylates p190RhoGAP directly on tyrosine
p190RhoGAP’s association with p120RasGAP and 1105 in vitro and in vivo.
stimulates p190RhoGAP’s ability to induce neurito-
genesis in neuroblastoma cells. Our results demon-
Arg Is Required for Adhesion-Dependentstrate that p190RhoGAP is an Arg substrate in the
Phosphorylation of p190RhoGAPdeveloping brain and suggest that Arg mediates the
Integrin- and cadherin-mediated cell adhesion stimu-adhesion-dependent regulation of neuronal morpho-
lates tyrosine phosphorylation of p190RhoGAP [8, 9].genesis in the postnatal brain by phosphorylating
p190RhoGAP undergoes a 3-fold increase in PY contentp190RhoGAP.
in wild-type fibroblasts plated on fibronectin, but not in
cells plated on uncoated tissue culture plastic (Figure
Results and Discussion 2B). This increased p190RhoGAP phosphorylation is not
observed in arg/ fibroblasts plated on fibronectin or
p190RhoGAP Has Reduced Phosphotyrosine in wild-type cells treated with the Abl family kinase inhib-
Content in the arg/ Mouse Brain itor STI571 [10] (Figure 2C). Adhesion-dependent stimu-
Greater than 80% of Arg in mouse brain homogenate is lation of p190RhoGAP phosphorylation is restored to
present in the insoluble membrane/cytoskeleton frac- arg/ fibroblasts following retroviral expression of an
tion (data not shown). To identify putative Arg substrates Arg-yellow fluorescent protein (Arg-YFP) fusion (A.L.
in the developing mouse brain, we compared the spec- Miller and A.J.K., unpublished data) (Figure 2B).
trum of phosphotyrosine- (PY-)containing proteins in the We also examined whether adhesion could stimulate
insoluble fraction prepared from wild-type and arg/ p190RhoGAP phosphorylation by Arg in cultured mouse
littermate brains at several developmental time points. cortical neurons. p190RhoGAP exhibits a 2-fold in-
crease in PY content in wild-type neurons plated on
laminin, but not in control neurons plated on poly-*Correspondence: anthony.koleske@yale.edu
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Figure 1. Arg Regulates Phosphorylation of p190RhoGAP
(A) Top, 100 g of insoluble fraction of brain extract from wild-type
(WT) and arg/ mice at embryonic day 16 (E16; lanes 1, 2), postnatal
day 11 (P11; lanes 3, 4), and day 21 (P21; lanes 5, 6), and adult
(lanes 7, 8) were immunoblotted with anti-phosphotyrosine (anti-PY)
antibodies. Bottom, the same blot was stripped and immunoblotted
with anti--tubulin antibody (the large amount of tubulin caused a
bleaching of the chemiluminescent signal in lanes 3 and 4).
(B) One hundred micrograms of unfractionated whole brain extracts
from WT (lane 1) and arg/ (lane 2) mice were immunoblotted for
PY (top), p190RhoGAP (middle), and Arg (bottom).
(C) Left, p190RhoGAP was immunoprecipitated from insoluble frac-
tion of P21 WT (lane 2) and arg/ (lane 3) mouse brain extracts.
Figure 2. Adhesion-Dependent Phosphorylation of p190RhoGAPImmunoprecipitates on the same blot were probed for PY (top) and
Requires Argthen for p190RhoGAP (bottom). Control immunoprecipitations were
performed from P21 WT mice brain extracts using anti-mouse serum (A) Left, 100 g of protein extract from wild-type (lane 1) and arg/
(lane 1). Right, p190RhoGAP present in P21 whole brain extracts fibroblasts (lane 2) and arg/ fibroblasts reconstituted with an Arg-
(lane 4) was immunoprecipitated using anti-p190RhoGAP antibod- YFP fusion protein (Arg-YFP, lane 3) were immunoblotted with anti-
ies. The resulting supernatant (lane 5) and immunoprecipitate (lane bodies to p190RhoGAP (top panel) and Arg (bottom panel). Right,
6) were immunoblotted for PY and p190RhoGAP. 100 g of protein extract from wild-type (lane 4) and arg/ (lane 5)
mouse primary cortical neurons were immunoblotted with antibod-
ies to p190RhoGAP (top) and Arg (bottom).L-ornithine (Figure 2D). p190RhoGAP phosphorylation is
(B) p190RhoGAP was immunoprecipitated from protein extracts ofnot increased in arg/ neurons plated on laminin (Figure
wild-type (lanes 1 and 2), arg/ (lanes 3 and 4), and Arg-YFP-
2D). These observations indicate that Arg is required for reconstituted arg/ (lanes 5 and 6) fibroblasts that adhered for 30
adhesion-dependent stimulation of p190RhoGAP phos- min to culture dishes () or culture dishes coated with fibronectin
phorylation in fibroblasts and neurons. Previous studies (Fn). The immunoprecipitates were immunoblotted with antibodies
to PY (top) and p190RhoGAP (bottom).showing that Src family kinases are required for
(C) p190RhoGAP was immunoprecipitated from protein extracts ofp190RhoGAP phosphorylation in the embryonic mouse
wild-type fibroblasts that were plated on tissue culture plastic ()brain [7] and our demonstration that Arg is required for
or fibronectin (Fn) for 30 min in the presence of DMSO vehicle (lanes
p190RhoGAP phosphorylation in the postnatal mouse 1 and 2) or 10 M Abl family kinase inhibitor STI571 (lanes 3 and
brain (Figure 1) suggest that alternative Src/Fyn-depen- 4). The immunoprecipitates were immunoblotted with antibodies to
dent and Arg-dependent pathways may regulate PY (top) and p190RhoGAP (bottom).
(D) p190RhoGAP was immunoprecipitated from extracts of wild-p190RhoGAP phosphorylation at different stages of
type (lanes 1 and 2) or arg/ (lanes 3 and 4) mouse primary corticalbrain development.
neurons 20 hr after they were plated on culture dishes coated with
poly-L-lysine or poly-L-lysine  laminin. The immunoprecipitates
Arg Phosphorylation Stimulates were immunoblotted with antibodies to PY (top) and p190RhoGAP
p190RhoGAP Activity (bottom).
We next examined whether Arg phosphorylation affects
p190RhoGAP activity in cells. After expressing Rho and
Arg Kinase Activates p190RhoGAP
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Figure 3. Arg Activates p190RhoGAP
Rhotekin pull-down assays were performed
on transfected HEK293 cell lysates. Left pan-
els, pull-down and total cell lysate immu-
noblots were probed as indicated. Right pan-
els, bands were quantified by densitometry
and plotted as the percent of control HA-Rho-
transfected cells. Mean  SE, n  3.
(A) Cells transfected with HA-Rho alone
(Ctrl) or together with p190RhoGAP,
p190RhoGAPArg, or Arg as indicated.
(B) Cells transfected with HA-Rho alone (Ctrl)
or together with p190RhoGAP, p190RhoGAP
KI (kinase inactive)-Arg, or KI-Arg as indi-
cated.
(C) Cells transfected with HA-Rho alone (Ctrl)
or together with p190RhoGAP-Y1105F,
p190RhoGAP-Y1105F  Arg, or Arg as indi-
cated.
p190RhoGAP alone or with Arg in HEK293 cells, the sembly of actin stress fibers, which may reflect Rho
inactivation [13]. These data suggest that p120RasGAPactive GTP-bound Rho was isolated from cell lysates
using rhotekin-agarose beads and quantified by semi- binding to phosphorylated p190RhoGAP activates the
latter’s RhoGAP activity. Consistent with the observedquantitative immunoblotting [11]. Cotransfection of
p190RhoGAP with Rho leads to inhibition of active Rho reduction in PY content on p190RhoGAP in arg/ brain
extract, reduced levels of p120RasGAP coimmunopreci-to 35  6% of control active Rho levels (Figure 3A, left
panel, lane 2). Transfection of both Arg and p190Rho- pitate with p190RhoGAP from arg/ brain extracts rela-
tive to wild-type extracts (Figure S2A).GAP leads to a further inhibition of Rho to 6  2% of
control levels (Figure 3A, left panel, lane 3). Arg alone The basal PY level on p190RhoGAP in HEK293 cells
is sufficient to mediate weak association p120RasGAP,does not significantly affect the activity of Rho (Figure
3A, left panel, lane 4). A kinase-inactive Arg point mutant which coimmunoprecipitates with p190RhoGAP from
these cells (Figure S2B, lane 2). Additionally, coexpres-(KI-Arg) does not stimulate p190RhoGAP (34  2%;
compare Figure 3A, lane 3 with Figure 3B, lane 3). sion of Arg with p190RhoGAP leads to both increased
PY on p190RhoGAP and increased association ofp190RhoGAP-Y1105F inhibits Rho to a similar extent as
wild-type p190RhoGAP (33  8%; compare Figure 3A, p120RasGAP (Figure S2B, lane 4). KI-Arg did not affect
PY levels on p190RhoGAP or increase association withlane 2 with Figure 3C, lane 2). However, Arg does not
further stimulate p190RhoGAP-Y1105F to inhibit Rho p120RasGAP (Figure S2B, lane 8). When p190RhoGAP-
Y1105F was expressed in HEK293 cells, it contained(36  7%; Figure 3C, left panel, lane 3). Together, these
data strongly suggest that Arg phosphorylation of Y1105 little detectable PY and associated only weakly with
p120RasGAP (Figure S2B, lane 5). Importantly, Arg didstimulates p190RhoGAP activity.
not promote increased association of p120RasGAP with
p190RhoGAP-Y1105F (Figure S2B, lane 6). TogetherArg Phosphorylation of p190RhoGAP Regulates
Its Association with p120RasGAP and the with the reduced p190RhoGAP:p120RasGAP associa-
tion observed in arg/ brain extracts, this experimentMembrane/Cytoskeletal Fraction
Phosphorylation of p190RhoGAP on Y1105 by Src pro- suggests that Arg phosphorylation of p190RhoGAP on
Y1105 promotes its association with p120RasGAP in themotes p190RhoGAP association with the 120 kDa
GTPase activating protein for Ras (p120RasGAP) [12]. In developing mouse brain. We also provide evidence that
Arg phosphorylation of p190RhoGAP reduces its associ-Src-overexpressing cells, both increased p190RhoGAP
phosphorylation and formation of the p190RhoGAP: ation with the membrane/cytoskeletal fraction in Figures
S2C and S2D.p120RasGAP complex correlate with increased disas-
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Figure 4. Arg Induces Neuritogenesis in N2A
Cells by Phosphorylating p190RhoGAP
(A–F) (A) N2A cells overexpressing Rho; (B)
N2A cells overexpressing Rho and C3 trans-
ferase; (C) N2A cells overexpressing Rho and
p190RhoGAP; (D) N2A cells overexpressing
Rho, p190RhoGAP, and Arg; (E) N2A cells
overexpressing Rho and plated on laminin-
coated tissue culture plates; (F) N2A cells
overexpressing Rho and p190RhoGAP and
plated on laminin-coated tissue culure plates.
Scale bars in (A)–(C) represent 40 m; scale
bars in (D)–(F) represent 100 m.
(G–H) Scoring of cells with neurites from mul-
tiple N2A cells transfections. N2A cells plated
on poly-L-ornithine-coated tissue culture
plates were transfected with YFP alone (Ctrl)
or YFP with Rho, C3 transferase, p190Rho-
GAP, Arg, p190RhoGAP-Y1105F, kinase in-
active (KI)-Arg, and/or ArgSH3 (SH3) as in-
dicated. Mean  SE, n  3.
(I) N2A cells were transfected with YFP and
Rho, with or without p190RhoGAP, and
plated on tissue culture plates coated with
poly-L-ornithine alone or poly-L-ornithine 
laminin. Cells were treated with DMSO vehi-
cle alone () or with 10 M STI571. Mean 
SE, n  3.
Arg Stimulates p190RhoGAP-Dependent stimulation of neuritogenesis (37  2%) (Figure 4G) ac-
companied by a further inhibition of active Rho levelsand Adhesion-Dependent Neuritogenesis
Neuritogenesis from neuro-2A (N2A) neuroblastoma to 12  5% of control levels (Figure S3A). Addition of
the Abl family kinase inhibitor STI571 abrogates Arg’scells is inhibited by active Rho and stimulated by Rho
inactivation [7]. Under normal culture conditions in plas- ability to stimulate p190RhoGAP-induced neuritogen-
esis (Figure 4G). An activated Arg mutant (ArgSH3) alsotic tissue culture dishes, 28  4% of N2A cells have
neurites (defined as processes longer than one cell body stimulates p190RhoGAP-induced neuritogenesis (Fig-
ure 4G). This stimulation of p190RhoGAP by ArgSH3length) (Figure 4G), but overexpression of Rho inhibits
neuritogenesis to 11  3% (Figure 4G). We used this is unaffected by STI571 treatment, consistent with the
recent report that mutations in the Abl SH3 domain resultlow level of neuritogenesis in Rho-expressing cells as
an optimal starting point to examine how inhibition of in significantly reduced sensitivity to STI571 [14] (Fig-
ure 4G).Rho by p190RhoGAP and Arg affects changes in neurito-
genesis. For example, cotransfection of the Rho inhibi- KI-Arg does not stimulate neuritogenesis by itself
(12  2%), nor does it stimulate p190RhoGAP’s abilitytor, C3 transferase, reversed this inhibition by Rho, stim-
ulating neuritogenesis to more than two times that of to promote neuritogenesis (25  3%) (Figure 4H). Fur-
thermore, p190RhoGAP-Y1105F stimulates neuritogen-control levels (67  5%) (Figure 4H). p190RhoGAP also
reverses the inhibitory effects of Rho on neurite forma- esis in N2A cells (25  2%), but its neuritogenic effects
are not further stimulated by expression of Arg (26 tion (24  2%) (Figure 4G), and this increased neurito-
genesis was accompanied by a decrease in active Rho 2%) (Figure 4H). These results strongly suggest that Arg
stimulates neuritogenesis from neuroblastoma cells into 37  10% of control levels (Figure S3A). Expression
of Arg with p190RhoGAP and Rho leads to a further part by phosphorylating p190RhoGAP on Y1105. As de-
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scribed above, cotransfection with Arg stimulates the two F-actin binding domains but lacks the tyrosine
kinase domain, is sufficient to organize these F-actin-p190RhoGAP to further inhibit active Rho levels to 12
5% of control levels (Figure S3A). Interestingly, transfec- rich structures in fibroblasts [18]. Here, we show that
Arg kinase activity can activate p190RhoGAP activity.tion of Arg alone does not inhibit Rho in N2A cells, even
though it promotes neuritogenesis (Figures S3A and Fig- Arg therefore employs two distinct strategies to direct
cytoskeletal rearrangements in cells: (1) the Arg C-ter-ure S4G). Thus, in addition to its ability to inhibit Rho
via p190RhoGAP, Arg can also promote neuritogenesis minal half can use its F-actin binding domains to directly
organize F-actin, and (2) Arg can use its kinase activityvia a p190RhoGAP- (and Rho-) independent mechanism
(see Figures S3B and S3C). to phosphorylate p190RhoGAP and stimulate it to inhibit
Rho, which in turn can affect actin organization throughWe also examined whether Arg kinase activity is re-
quired for p190RhoGAP-mediated neuritogenesis in re- its downstream targets.
In summary, our data indicate that p190RhoGAP is asponse to adhesive cues. Adhesion to laminin stimulates
a 3-fold increase in neuritogenesis in N2A cells over substrate of the Arg nonreceptor tyrosine kinase in the
developing postnatal mouse brain. We show that adhe-levels observed in control N2A cells plated on poly-
L-ornithine (Figure 4I). The Abl family kinase inhibitor sion-dependent stimulation of p190RhoGAP requires
Arg kinase activity. We also demonstrate that Arg phos-STI571, which inhibits adhesion-dependent p190Rho-
GAP phosphorylation in fibroblasts (Figure 2C), elimi- phorylation of p190RhoGAP on Y1105 stimulates it to
inhibit Rho. Phosphorylation by Arg also stimulatesnates most of this adhesion-dependent increase in neu-
ritogenesis. Cotransfection of p190RhoGAP further p190RhoGAP’s ability to induce neuritogenesis in neu-
roblastoma cells. Our results suggest that Arg may regu-stimulates adhesion-dependent neuritogenesis, but this
is mostly inhibited by STI571 (Figure 4I). Together, these late neuronal morphogenesis in the postnatal brain by
phosphorylating p190RhoGAP.results support our model that Arg stimulates adhesion-
dependent neuritogenesis from neuroblastoma cells in
Supplemental Datapart by phosphorylating p190RhoGAP.
Supplemental data including experimental procedures and threeWe demonstrate here that Arg is required for
figures is available at http://www.current-biology.com/cgi/content/p190RhoGAP phosphorylation in the postnatal mouse
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